Atomistic van der Waals heterostacks are ideal systems for high-temperature exciton condensation because of large exciton binding energies and long lifetimes. Charge transport and electron energy-loss spectroscopy showed first evidence of excitonic many-body states in such two-dimensional materials.
Increasing the interaction strength between quasiparticles can cause strong correlations, collective phenomena and even the transition to new emergent quantum phases of the manybody state that are substantionally different from properties of the weakly interacting system. Many examples exist in condensend matter systems where interacting electrons, spins and phonons form novel many-body ground states including superconductivity, superfluidity, charge-density wave phases, polariton condensates and spin-liquids [1] [2] [3] [4] . Another predicted many-body state of quasiparticles is a Bose-Einstein condensate of interacting excitons 5, 6 , that are bound electron-hole pairs in semiconductors. Their many-body phase diagram predicts quantum degeneracy and Bose-Einstein condensation at reduced temperatures and sufficiently high exciton densities [7] [8] [9] [10] [11] . In transport experiments, condensed phases of excitons have been reported in quantum Hall states for both graphene and coupled semiconductor quantum wells 12, 13 . The weak exciton binding in these systems, together with the presence of low-energy Goldstone modes makes it difficult to access the condensates optically and limits the condensation temperature to about 1 K or lower 5 . Atomically thin, semiconducting monolayers such as transition metal dichalcogenides (TMDCs) exhibit a large exciton binding energy (about 0.5 eV) 14 and the possibility to form van der Waals heterostacks 15, 16 . In turn, they provide a promising solid state platform for exploring high-temperature exciton condensation and realizing condensate-based applications on a chip 9, 17, 18 . To diminish the limitations, such as short radiative lifetimes 19 and biexcitons 20 present for intralayer excitons in individual monolayers, the spatial overlap of the Coulomb-bound electron hole pairs can be reduced by placing them in adjacent layers in a double-layer heterostack 21 . Long lifetimes of several tens of nanoseconds, while the binding energies remain substantial (>0.1 eV), have been demonstrated for such photogenerated interlayer excitons [21] [22] [23] . Moreover, they act like oriented electric dipoles supporting dipole-dipole interactions and inducing exciton correlations at high densities 24, 25 . Theoretically, room temperature condensation may be possible for these 3 interlayer excitons in TMDC double layers since the maximum condensation temperature is limited by exciton ionization in the high-density regime, and it has been predicted to be a fraction of the exciton binding energy 9 . Nevertheless, the exploration of the many-body phase diagram of photogenerated interlayer excitons in TMDCs including quantum degeneracy and condensation has remained elusive so far.
We present clear signatures of the condensation of photogenerated excitons in MoSe2-WSe2 heterostacks at elevated temperatures via several criticalities and map the many-body phase diagram of the photogenerated interlayer excitons. The device structure under investigation consists of two rotationally-aligned TMDC monolayers ( Fig. 1a and supplementary material) 22 .
The cryogenic photoluminescence spectra exhibit only one very sharp emission line (1) at low excitation powers, which dominates all other optical transitions including those arising from intralayer excitons X1s MoSe2 , X1s WSe2 and the trions XT MoSe2 , XT WSe2 in the monolayer MoSe2 and WSe2 (supplementary material) 26 . The emission energy of this state is about 6-7 meV below to further emission peaks named (2) and (3) in Fig. 1b that appear only for higher excitation powers. Peaks (2) and (3) have been reported before, both by our group and others 22,27-30 . We interpret them arising from reciprocally indirect transitions from spin-orbit-split states at Σ in the conduction band (CB MoSe2 ) of MoSe2 to K (K') in the valence band (VB WSe2 ) of WSe2, where the photon emission is linked with the emission of acoustic phonons 28 . Intriguingly, the intensity of the peak (1) is enhanced by two orders of magnitude at the lowest temperature ( Fig.   1c ). Since the decay time of this peak also increases by a factor of two, the enhanced photon emission suggests that an increasingly dense part of the exciton ensemble emits into the light cone ( Fig. 1d ) 26 . Notably, this strong enhancement of emission is not observed for peaks (2) and (3) and their decay times remain constant in temperature and two orders of magnitude below the one of the emission peak (1) (supplementary materials). Plotting the phase diagram -temperature vs. exciton density n -for peak (1), we observe that for a temperature below 8 K (open circles in Fig. 1e ), the excitons are below the degeneracy limit obeying 6, 9 kB‧TD = 2π ℏ 2 n / mX,
with kB the Boltzmann constant, TD the degeneracy temperature, ℏ the reduced Planck's constant, and mX = me + mh the effective exciton mass with me = 0.54 (mh = 0.36) the effective electron (hole) mass 31 . The measurements presented were performed on two devices for temperatures between 3 and 150 K during several independent cool-downs demonstrating the robustness of the experimentally observed phenomena.
Below the degeneracy temperature TD, all interlayer excitons emit photons via peak (1) ( Fig.   1b ); i.e. the underlying exciton state exhibits a relative occupation close to 100% ( Fig. 2a ) 26 .
Moreover, the FWHM of peak (1) reduces to a constant value less than ~5 meV below TD (Fig.   2b ), although the intensity and lifetime still increase ( Fig. 1c ). Furthermore, we observe a blueshift of peak (1) up to 2 meV (supplementary material) that is consistent with a repulsive dipoledipole interaction within the interlayer exciton ensemble 24,25 , particularly, since they have a longer lifetime and therefore an increasing density at the lowest temperatures ( Fig. 1c bottom and Fig. 1e ). Below TD, the lateral exciton diffusion length related to state (1) is enhanced by a factor of 2 to a value of 1.3 µm (supplementary material). In turn, the majority of the interlayer excitons in state (1) diffuse out of the confocal laser spot (~0.5 µm) at the lowest temperatures, while most of the excitons emitting into peak (2) and (3) remain within the excitation spot before they recombine. We explain the increased diffusion length observed for state (1) as arising from the increased exciton lifetime as in Fig. 1c and note that the diffusion coefficients are constant within the investigated temperature range (D(1) = 0.6 ± 0.5 cm 2 /s; D(2) = 1.3 ± 0.5 cm 2 /s; D(3) = 0.4 ± 0.4 cm 2 /s) 26, 30 . In this respect, we do not observe a Berezinskii-Kosterlitz-Thouless (BKT) transition to a state with modified expansion properties 6 .
The FWHM of peak (1) decreases as a function of exciton density, until it reaches a minimum value below ~5 meV in the degenerate regime (triangles in Fig. 3a ). For comparison, the dotted line in Fig. 3a marks the degeneracy density nD as described by equation (1) for the given temperature, and we added the triangles of Fig. 3a into the phase diagram of Figure 1e . The emission energy increases by ~1 meV vs. exciton density in the degenerate regime ( Fig. 3b ), which is again consistent with a repulsive dipole-dipole interaction 24, 25 . For this experiment, the excitation energy is chosen to be Ephoton = 1.59 eV, which is below the intralayer exciton energies in the MoSe2 and WSe2 monolayers to minimize their impact on the interlayer excitons 26 . The plotted density n only considers interlayer excitons which recombine via the light cone ( Fig. 1d ). For an exciton density exceeding ntransition ~2.5 ‧ 10 11 cm -2 , we observe that the intensity of peak (1) saturates and peaks (2) and (3) gradually occur in the spectra (supplementary material). Above this critical density, the FWHM of peak (1) rapidly increases Fig. 4d ). Below TD, the coherence time is limited to a time scale of ~300 fs, which is approximately five to six orders of magnitude faster than the decay time of peak (1) as depicted in Fig. 4d . In turn, the Lorentzian-shaped emission spectrum of state (1) as in Fig. 1b is not radiation-limited (supplementary material). Instead, the fast time scale suggests that below TD, the coherence is limited by the coupling to acoustic phonons (LA, TA or ZA) during the photon emission ( Fig. 1d ) 34 . The photon emission process then has an effect similar to collisional broadening in atom ensembles 35 The observed energy difference between peaks (2) and (3) (~25 meV) is consistent with the spin-orbit splitting of the CB MoSe2 (∆SOI in Fig. 1d ) and not with the one in the VB WSe2 (~450 meV) 31, 36 . A phenomenological polaron fit below 150 K gives an exciton-phonon coupling with a Huang-Rhys factor of S ~ 1.70 for peak (2) and 1.85 for peak (3) and an average energy of interacting (acoustic) phonons of Ep ~ 14 meV for both peaks 28 (Supplementary material).
Emission peak (1) can be detected only below 50 K with an emission energy that, unusually, first reduces below and then increases beyond TD ~ 8 K (Supplementary material). However, as discussed above, an energy scale of ~14 meV limits its temporal coherence to a time scale of ~300 fs. For comparison, the polaron fit for the direct 1s-exciton transition in MoSe2 (WSe2) gives S ~ 2.39 (2.28) and Ep ~ 16 meV (18.7 meV). Since the Huang-Rhys factors are different to the ones of the direct transitions at K (K') and since they interact with acoustic phonons, we identify peaks (2) and (3) arising from reciprocally indirect transitions from SO-split states at Σ in the CB MoSe2 to K (K') in the VB WSe2 (as sketched in Fig. 1d ) 28 .
We now summarize several arguments which indicate that peak (1) cannot be identified as a single-quasiparticle transition, while peaks (2) and (3) results from exciton recombination in a single particle framework. On the one hand, peak (1) could correspond to an optical transition from the minima at K (K') in the CB MoSe2 to the maxima at K (K') in the VB WSe2 . However, it is known that this reciprocally direct transition should have a higher energy difference than the indirect one between Σ in the CB MoSe2 to K (K') in the VB WSe2 especially at high excess charge carrier densities 22,37 which is contrary to our observations. On the other hand, peak (1) could relate to a transition from Σ (CB MoSe2 ) to Γ (VB WSe2 ). However, it is counterintuitive that such a reciprocally indirect state would have an increased diffusion length and strongly increasing luminescence intensity at lowest temperatures. At the same time, the corresponding phonondensity supporting this indirect single-particle transition is known to be small with negligible electron-phonon coupling 38 .
Instead, we propose that the emission peak (1) corresponds to a many-body state of interlayer excitons resulting from a repulsive interaction with an energy at the few meV level, and that this many-body state is intrinsically related to the single-particle transitions of peaks (2) and (3) (cf. Fig. 1d ). Again, two of the most prominent arguments for the interrelation are that peak (1) changes its general behavior as soon as peak (2) appears (dashed lines in Fig. 4f and 3) , and that the exciton-phonon coupling Ep ~ 14 meV for peaks (2) and (3) coincidences with the collision broadening of peak (1) (~300 fs). The interrelation can be further seen in the decay time of peak (2) which starts with a rather long time of ~20 ns close to nTransition, when peak (1) is saturated to the rather short lifetime of peak (3) of ~1 ns as soon as peak (1) is not resolvable anymore at an overall high exciton density (supplementary material).
The evidence for a many-body state is threefold. Firstly, the state has a relative occupancy of 100% for experimental conditions such that equation (1) is fulfilled. Secondly, below the degeneracy temperature TD, the intensity of peak (1) is consistent with an increasingly dense exciton population emitting more and more into the light cone. Thirdly, below TD, the FWHM of peak (1) is independent from thermal broadening but it decreases with increasing exciton density, and the Wiener-Khinchine theorem is fulfilled with a limiting temporal coherence of 300 fs. From the polaron fits, we know that up to ~100 K the energy (coherence time) of the interacting phonons is Ep ~ 14 meV (300 fs). In turn, for temperature larger TD, we can deduce that the exponential increase of the coherence stems from the excitons (cf. exponential fit in Fig. 4d ). Below TD, the overall emission coherence is limited by the phonons that are intrinsic to the recombination and photon emission process. Peaks (1) and (2) exhibit an energy difference of ~6-7 meV. The many-body interaction most likely results from the dipole-dipole interaction ~1-2 meV and possibly, by the layer breathing mode as is known for TMDCheterostacks with an energy of 3.7-4.9 meV (30-40 cm -1 ) 39 . In this picture, the underlying exciton state of peak (2) limits the coherence of peak (1) as soon as the FWHM of peak (1) exceeds the energy difference between the two peaks either by exciton-exciton interactions within the dense ensemble (dashed lines in Figs. 1e, 3a, and 4f) or by thermal fluctuations (dotted lines in Figs. 1e and 4d ).
In conclusion, we optically generated a high-density ensemble of interlayer excitons in a 2D van der Waals heterostack. In photoluminescence studies, we have observed a threshold behavior on temperature and density, which is consistent with exciton condensation. The observations persist to a temperature between 10 and 20 K. We describe an initial experimental Figures S1-S11
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Materials preparation
The samples were prepared using an all-dry viscoelastic stamping method. The bulk material was mechanically cleaved and subsequently transferred onto a PDMS stamp fixed on a glass slide. The bulk crystals were grown synthetically by hqgraphene (MoSe2/WSe2) and by K.W. and T.T. (hBN). After identification by optical contrast, the flakes were transferred from the stamp onto the SiO2 substrate in a home-built heatable stage. Clean interfaces were achieved by wet chemical cleaning and annealing in between every stacking step of the heterostructure. A built-in rotation stage facilitated alignment of the flake edges to a precision of ±1° in order to achieve a commensurate alignment of the crystal axes.
Exciton density calculation
To calculate the density of interlayer excitons, we assume that the detected intensity per second is proportional to the density by the following expression: = / • • , where is the decay time and the effective area of the detection spot ( ≈ ( /2) 2 ) for the confocal setup I with a diffraction limited spot of ~ 0.5 µ . The efficiency to detect a photon emitted from the sample is given by = Objective • Optics • Spectrometer , with
Objective the collection efficiency of the objective with NA = 0.75). Following ref.
(1), Objective can be calculated to be
2 is the refractive index of hBN and = 0.64 is the transmission coefficient of the objective at a wavelength of 900 nm. Optics is the accumulated efficiency of all optical elements between objective and spectrometer. From the specifications, we find Optics = 0.007. Spectrometer is measured by illuminating the spectrometer with a cw laser at a wavelength of 900 nm with identical optics. The power is set to 0.3 nW, thus giving a number of incoming photons per second of 3.86 • 10 6 .
Acquiring a spectrum with an integration time of 1 second gives a total count number of 2.41 • 10 5 . This leads to Spectrometer = 0.062. Therefore, the total efficiency of detecting a photon from the sample is = 8 • 10 −6 .
This value assumes perfect alignment and can only count as an upper limit to the real efficiency. We assume a , with the repetition frequency and the pulse duration Laser .
Measurement of temporal coherence
The first order correlation function g 1 (t) is measured by Michelson-Morley interferometry. We use a beam splitter to split the emitted signal into two paths with equal intensity. Both paths exhibit a delay line. Path 1 introduces a rough delay ∆ . The fine delay in path 2 is used to scan the interference locally around ∆ . The resulting signal (∆ + ) is fitted by (∆ + ) = + • sin 2 ( + ). ( : offset, : amplitude, : frequency, : phase offset).
The first order correlation function (visibility) is then calculated by 1 (∆ ) = A/(A + 2o). To exclude the impact of laser-induced coherence, we present the coherence visibility only for the off-period of the utilized pulsed laser.
Further, the signal is analyzed in a time-window of 50 ns exactly 50 ns after the laser pulse to exclude contributions from peaks (2) and (3), which have a decay-time well below 50 ns. We fit 1 (∆ ) with an exponential decay • −|∆ |/ to extract the coherence length . The coherence time is calculated by = / , with the speed of light .
Determination of the relative occupation numbers
At low excitation power and temperatures, the time-resolved photoluminescence of interlayer exciton PL shows a mono-exponential decay. Here, we conclude that only one type of interlayer exciton is present and the occupation is 100%. At higher excitation powers and temperatures a second decay channel appears. The resulting histogram can be modeled by
The first term corresponds to the steady state during the laser pulse, during which the measured signal is constant:
When the laser is off after = 0 , the population decays exponentially within two channels of different decay times 1 and 2 . The fit paramteres 1 * and 2 * are directly proportional to the exciton densities 1 and 2 .
The relative occupation can be calculated via = 1 * /( 1 * + 2 * ). The decay time of the laser after = 0 is measured to be Laser = (0.64 ± 0.09) ns.
Determination of diffusion lengths and coefficients
We excite interlayer excitons by a Gaussian shaped laser spot with a resolution of ex = 0.33 µ (setup II). A spatial filter with a resolution of sf = 0.45 µm in the detection path allows to spectrally and locally resolve the emission signal. We scan the detection spot across the sample by a dual-axis galvanometer mirror system in steps of 0.25 µm. The spectra at each position allow to extract the spatial extension of peaks (1), (2) (1), (2) and (3) at T = 4K. The interlayer excitons are generated by a Gaussian laser spot (compare (c) with = 0.33 µm, cw excitation, Ephoton = 2.541 eV, PLaser = 600 µW). A spatial filter is used to spectrally resolve the radial distribution of the peaks individually. d,-f, Spatial distribution of (d) peak (3), (e) peak (2) , and (f) peak (1). (1) vs. temperature (Ephoton = 1.59 eV). These data are from the same set of measurements as Fig. 1c of the main manuscript. Line is a guide to the eye to highlight the increase of emission energy at low temperature, which is consistent with the dipole-dipole repulsion between interlayer excitons. . We use a 850nm long pass filter to suppress any signal above the interlayer transitions. d, Temporal photoluminescence signal with signal detection as in (c). The exponential decay time of peak (1) is τ(1) = 78 ± 1 ns. e,-f, Temporal coherence measured via Michelson-Morley interferometry. The resulting visibility vs. optical path is fitted by (e) an exponential decay and (f) a Gaussian line shape. The corresponding total fit error in (f) is almost three times larger than in (e). (1), (2), and (3) ] vs. temperature. The temperature dependence of peak (2) and (3) can be described by a polaron shift (blue dashed lines). In this measurement, peak (1) could only be observed for temperatures up to 20 K. The temperature dependent emission energies of peaks (2) and (3) can be described phenomenologically by (1) ( ) = (0) − 〈ℏ 〉 �coth 〈ℏ 〉 2 − 1�, 2 with (0) the peak position at T = 0 K, the Huang-Rhys factor S and the average phonon energy 〈ℏ 〉. By the analysis, we get the following values for peak (2) Movie S1. Spontaneous Synchronization. The movie S1 shows a classical example of a spontaneous synchronization. As soon as metronomes are put onto a movable blank, they start to interact with each other until all oscillators have the very same frequency. Similarly, below the degeneracy temperature, in the many-body regime, the investigated interlayer excitons start to interact via a dipole-dipole interaction until they unify to one state indicated by one emission energy and a Fourier-limited temporal coherence.
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